We discuss the role of quark matter in astrophysics and cosmology. The implications of the dynamics of the quark-hadron phase transition in the early universe for the element abundances from big bang nucleosynthesis and the composition of the dark matter in the universe are addressed. We discuss the possibility of deciding on an equation of state for high density matter by observing the cooling of a neutron star remnant of SN1987A.
1. Introduction. Theories of matter at high density play an important role in understanding a variety of phenomena in cosmology and astrophysics. In particular. recent ideas about the nature of quark matter may shed light on the nature of the quarkhadron phase t,ransition in the early universe, the structure of neutron stars and the possibility of exotic forms of matter.
On february 23rd, 1987 we were fortunate enough to observe the death of a blue supergiant in the nearby Large Magellanic Cloud (-55 kpc away). The supernova SS1987A provides a unique oppurtunity for testing models of stellar collapse, type II supernova explosions, and the formation of remnants (neutron stars or black holes.)
Underground neutrino detectors (Kamiokande II and IMB)' confirmed the nearly model independent prediction that in a type II supernova, -1O53 ergs is radiated in neutrinos of a few MeV average energy, within a few seconds. If we keep being fortunate, we might be able to observe the early cooling stages of a young neutron star remnant of SN1987A. Neutron star cooling curves differ significantly for different equations of state.
Depending on the existence of such a remnant and the availability of X-ray telescopes when the envelope becomes transparent, an astronomical measurement might tell us how very dense matter behaves.
In what follows we discuss different topics in astrophysics and cosmology, where the understanding of quark matter is important.
First, two scenarios for the quarkhadron phase transition in the early universe will be discussed. Next, we describe different neutron star models and their observational consequences. Finally, a few other astrophysical models based on quark matter theories will be mentioned.
2. The Quark-Hadron Phase Transition.
A phase transition from an unconfined quark-gluon plasma to a confined hadronic phase is believed to have taken place at 10m5 set after the big bang, when the universe reached a critical temperature, T, -100 -200 MeV. Some scenarios for the dynamics of the phase transition can substantially alter predictions for the element abundances from 1 big bang nucleosynthesis and for the composition of the dark matter in the universe.
.4n interesting possibility is a scenario of a first-order phase transition? that gives rise to a cosmic separation of phases.3 When the temperature drops below T,; as the universe expands, bubbles of the confined phase can nucleate. These hadronic bubbles release latent heat (the difference between the energy densities of t,he two phases), reheating the universe to T,. .4t T, further nucleation is inhibited and the two phases can coexist in pressure equilibrium.
As the universe expands, the temperature is kept at T, by the growth of the hadronic phase at the expense of the quark-gluon phase.
The universe may evolve into a completely hadronic phase', but it is possible that the shrinking bubbles of the unconfined phase cool and stabilize, surviving this epoch as quark matter nuggets.3 These nuggets can be absolut,ely stable if their energy per baryon number is less than 930 MeV. The presence of strange quarks in this quark matter phase is crucial for stability since it increases the fermion degeneracy, lowering the energy of the system. Detailed studies5 show that, within t,he uncertainties of strong interaction calculations, three-flavor quark matter can be less energetic than hadronic matter and, therefore. absolut,ely stable. Stable three-flavor quark matter is called "strange matter".
During this phase transition, up to 95% of the tiny baryon excess is likely to be concentrated in t.he unconfined phase. The strange matter nuggets would then carry most of the net baryon number at this early time, and, if they survive to the present, they would be a good candidate for the dark matter in the universe. A distribution of these nuggets in lumps larger than -1 cm closes the universe without ever encountering the Earth.6 However, even if such nuggets are formed, they might not survive the later stages of evolution of the universe, but may evaporate completely.'
Independently of the strange matt,er scenario. t,his baryon asymmetry will lead to large scale baryon number density fluctuations that may survive until the time of nucleosynthesis.* After t,he phase transition. neutrons diffuse out of the baryon dense regions faster t,han prot~ons, changing the initial conditions for nucleosynthesis. Detailed treatments9 of these isothermal baryon density fluctuations can reproduce the primordial abundances of 'H1 3He. and, 4He, with a universe closed by baryons only. ( 'Li is overprodoced as compared to the observed abundances.) These scenarios illustrate how one might be able to constrain the physics of the quark-hadron phase transition by analysing its astrophysical consequences.
Neutron Stars
Today the universe reaches quark matter densities during stellar collapse. The observation of supernovae and neutron stars will lead to a better understanding of high density matter.
The extremely complex dynamics of stellar collapse has been studied numerically These models differ mostly in the highest density regions of the star, except for the strange matter possibility. If strange mat,ter is stable, the density profile of a strange star is very different from a neutron star's profile. Strange stars can consist of bare strange matter up to the surface, with an almost constant density -4 x 1@*g/cm3
There is no minimum mass for strange stars, unlike neutron stars. As Fig. 1 shows, the mass-radius relation for the different equations of state provide means of differentiating the models. Mass estimates from the observations of binaries lie around 1.4 Ma, where the models roughly agree. If a small, light compact object is found, it could be a strange star V+'e might be able to measure the cooling curve of a young neutron star remnant of SN1987A. The core temperature as a function of time is plotted in Fig.2 A seed of strange matter in a neutron star will convert the star into a strange star.
This conversion can be detected as a release of -10's MeV of energy. Depending on the temperature of the original neutron star this energy release can be seen as a gamma-ray burst and as a "super-glitch" in pulsar frequencies.24
Finally, it has been recently suggest,ed that the solar neutrino problem may be solved if there is a tiny concentration of strange matter in the sun.25 Even at extremely low abundances, these strangelets can participate in nucleosynthesis and contribute substantially to stellar energy generation. This additional source of energy lowers the temperature of the Sun's core by a few tenths of a million degrees, reducing the detection rate for the 3'C1 detector.
The relevance of quark matter to astrophysics and cosmology is an extensive topic.
We hope this attempt to illustrate some aspects of this relationship has been successful.
We refer the reader to the references for more detailed disscussions.
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